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Abstract 
We report the effect of rank and lithotype on the wettability of coal in microfluidic 
experiments in two types of artificial microchannels; (1) reactive ion etched (RIE) channels 
and (2) die-cast channels prepared by pressing powdered lithotype concentrates. Five coals 
from the Bowen Basin with ranks in the Rmax% range 0.98 - 1.91% were examined. Contact 
angles and entry pressures of air and water in the artificial cleats were measured in imbibition 
experiments performed with a Cleat Flow Cell (CFC). The relative contact angles measured 
in CFC imbibition experiments were in the range 110 -140° in the RIE channels and 85°-115° 
in the pressed discs, which are larger contact angles than measured on the flat bulk surfaces 
of these samples by the conventional sessile drop technique (58°-85°). The CFC observations 
also show the surface roughness of coal in inertinite-rich dull bands effects contact angle and 
the entry pressure of the air-water interface differently to the vitrinite-rich bright bands. 
Drainage experiments in the CFC revealed a thin residual water film on the inertinite cleat 
wall, yet not on the smooth vitrinite channel. The experimental observations are used to 
present a modified Cassie Equation model to predict coal contact angles based on the 
fractions of dull and bright bands, mineral content, and cleat surface roughness. The results of 
this study provide the basis to consider an improved relative permeability model that 
explicitly accounts for the effect of coal lithotype.  
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1. Introduction 
The relative permeability behaviour of gas and water in the cleats of a coal seam gas (CSG) 
reservoir is dependent on many factors including fluid pressure, phase saturations, effective 
stress, the geometry of individual cleats, the interconnectedness of the cleat network, and the 
wettability of the coal (Saghafi et al., 2014; Su et al., 2001). Most laboratory studies that 
report relative permeability in coals measured by steady state or unsteady state core flooding 
methods derive a crossover point water saturation fraction (Sw) exceeding 0.5, which is 
usually interpreted as the coal being water wet or hydrophilic (Conway et al., 1995; Durucan 
et al., 2013; Ham and Kantzas, 2011; Purl et al., 1991; Rahman and Khaksar, 2007; Shen et 
al., 2011). However, a problem with this standard approach is that it reports an average 
relative permeability for the core which assumes that the core has a uniform composition, 
homogenous wetting state and that the effects of capillary pressures are negligible. These 
assumptions fail to adequately describe the highly heterogeneous nature of coals and do not 
consider that a range of wetting states (hydrophobic, intermediate, and hydrophilic) may exist 
due to changes in fluid pressure and desorption of gas from the matrix (Gash et al., 1992; 
Ham and Kantzas, 2011).  
Although core flooding methods rarely consider the effect of the coal heterogeneity in 
determination of relative permeability curves, other experimental studies using the sessile 
drop and captive bubble techniques have demonstrated that coal wettability is dependent on 
rank (Keller, 1987; Tampy et al., 1988), maceral composition (Arnold and Aplan, 1989; 
Ding, 2009; Fuerstenau et al., 1983; Ofori et al., 2010), mineralisation (Gosiewska et al., 
2002; Susana et al., 2012) and the roughness (Drelich et al., 1996; Li et al., 2013). The sessile 
drop technique is convenient for the collection of contact angle data on a large number of 
coal samples, or sites on a sample, but there are limitations when coal wettability effects flow 
in cleats. Contact angles obtained in a sessile drop measurement provide an average 
wettability of an area approximately 1 cm (10,000 µm) in diameter that may cover mineral 
islands, multiple coal bands, and be effected by surface roughness. Furthermore, flow in 
narrow coal cleats (perhaps 10 – 200 µm wide) manifests more complex flow regimes 
compared to the behaviour of stationary droplets on a surface. Gas-liquid flow in narrow 
channels may develop as either (a) annular film flow in a hydrophilic network where water 
clings to the coal surface and gas flows through the central cavity, or (b) discontinuous 
globular or rivulets of two-phase flow in a hydrophobic network, which can leave a dry 
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surface where the gas is in contact with the cleat wall (Lee and Lee, 2008; Triplett et al., 
1999; Wang et al., 2012).  
In this paper we examine the wetting behaviour and flow regimes that develop in artificial 
cleats featuring bands rich in vitrinite or bands rich in inertinite using the Cleat Flow Cell 
(CFC) microfluidic tool we reported previously (Mahoney et al., 2015). We show that 
lithotypes in banded coals present cleat walls with different surface roughness and that this 
feature affects the local wettability of the cleat using a range of bituminous coal samples. 
2. Background 
A variety of methods exist that characterise solid-fluid interactions to interpret the wettability 
of coal. The most commonly used experimental methods include measurements on (i) a flat, 
smooth surface and include techniques like: captive bubble (Arnold and Aplan, 1989; Saghafi 
et al., 2014; Sakurovs and Lavrencic, 2011), tilted plate (Brady and Gauger, 1940; Yuan and 
Lee, 2013) and sessile drop (Drelich et al., 2000; Gutierrez-Rodriguez et al., 1984). (ii) 
powdered/pulverised coal. These methods have included: film flotation (Fuerstenau et al., 
1983; Hanning and Rutter, 1989; Polat et al., 2003), bubble-particle attachment (Nguyen et 
al., 1998; Ralston et al., 1999), penetration rate (Murata and Naka, 1983) and capillary rise 
(or Washburn method) (Tampy et al., 1988). 
The sessile drop technique using a goniometer is one of the simplest methods and the most 
widely used for studying coal wettability (Willem-Jan Plug et al., 2008). A contact angle is 
created between the flat solid surface and the tangent plane of the fluid/surface interface. The 
relationship between the surface tensions and the contact angle are described by the Young 
equation (1) (Adamson and Gast, 1967). 
Where γsv is the surface tension of the solid/vapour interface; γsl is the surface tension of the 
solid/liquid interface, γlv is the surface tension of the liquid/vapour interface; cosθ is the 
projecting vector or tangent formed at the three phase intersect (Good, 1992; Young, 1805). 
If the water droplet contact angle is >90˚ then the surface is hydrophobic. 
The Young equation was developed to represent ideal flat, homogenous surfaces. However, 
coal is a heterogeneous material for which the contact angle may be considered a function of 
properties of the different materials which make up the surface, as well as the surface 
roughness. The Cassie equation (shown in 2) (Cassie, 1948; Cassie and Baxter, 1944) 
 𝛾𝑠𝑣 =  𝛾𝑠𝑙 +  𝛾𝑙𝑣 cos 𝜃 1 
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provides a simple averaging for two or more chemically different materials that contribute to 
a heterogeneous surface. 
Where θ1 and θ2 are the contact angles for different materials, and x1 and x2 are the fraction of 
surface each material covers and θc is the overall wetting angle. The Cassie equation has been 
used in several sessile drop studies to explain and predict the contact angle of a 
heterogeneous surface, such as coal (Ding, 2009; Drelich et al., 1996; Fuerstenau et al., 1990; 
Gosiewska et al., 2002; He and Laskowski, 1992; Keller, 1987; Rosenbaum and Fuerstenau, 
1984). Studies have demonstrated that lithotypes have unique wetting surfaces, with inertinite 
rich coal creating a mean contact angle of 70°, in vitrinite rich the angle is 80º (Ofori et al., 
2010) and liptinite rich the angle is 110° (Keller, 1987). However, Keller (1987) (equation in 
supporting information) proposed a modified Cassie equation that could be used to predict 
contact angle on a polished coal surface given specific information such as mineral 
percentage, carbon content, rate of oxidation and percentage lithotype. When this equation 
was applied to previous coal wettability studies that used sessile drop a general agreement 
between the estimated and experimental contact angle was reported. However, these 
measurements were made on a flat, polished surface, a property that does not occur in natural 
coal features. 
Gamson et al. (1993) reported that coal possessed a range of different surface textures, 
predominately based on the lithotype. Bright banded coal displayed a smooth surface 
compared to dull banded coal which had a rougher more fractured surface. The phenomenon 
of roughness is an important factor in examining liquid-solid contact angle as the surface 
roughness can create hysteresis in the tangent created between the liquid and solid surface as 
shown in Figure 1 (Drelich et al., 1996). This roughness, if not accounted for in the 
measurement typically generates a larger apparent contact angle which implies a higher 
degree of hydrophobicity. The apparent contact angle may vary from point to point on a 3D 
surface with no special symmetry. However, intrinsic contact angle is the contact angle 
formed when the liquid is on an ideal surface (i.e. flat, rigid, insoluble, homogenous and non-
reactive). 
 
 cos 𝜃𝑐 =  𝑥1 cos 𝜃1 +  𝑥2 cos 𝜃2  2 
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Figure 1. Using an idealised coal sample (black) and pure water droplet (blue) A) the contact 
angle generated on a flat surface is approximately 90°. B) When the same liquid is placed on 
a textured or roughened surface, the droplet angle becomes >90º due in part to contact 
hysteresis. This phenomenon, where gas is trapped, is known as a Cassie wetting state. C) A 
Wenzel wetting state exists where water can penetrate the textured surface while still creating 
a contact angle that exceeds 90º 
Micro and nano-scale roughness on surfaces can also dictate the contact state of the liquid 
droplet and thus the wetting property of the material (Ishino and Okumura, 2008). These 
states include the 1) Cassie state where air becomes trapped in the “valleys” of the roughened 
surface which creates a buffer between the liquid-solid interface and 2) the Wenzel state, 
where the liquid is able to imbibe into the valley recesses created on the rough surface 
(Figure 1B and C) (Feng et al., 2008; Marmur, 2003; Truong et al., 2010; Wenzel, 1949). The 
Cassie state creates the “lotus effect” where water droplets on a lotus leaf can be displaced 
with minimal kinetic energy due to the trapped air creating zero surface energy between the 
liquid and solid (Gao and McCarthy, 2006). In this state, only a fraction of the textured 
surface is in contact with the liquid phase. The Wenzel effect is the mechanism responsible 
for the “petal effect” which is seen on certain flower petals (Feng et al., 2008). The contact 
angle is still in excess of 90° implying that the surface is hydrophobic, yet the water can 
imbibe into the surface texture and pores which creates a water-wet film that causes the water 
droplet to adhere to the surface. In certain situations, depending on surface mineral 
composition, surface chemistry, porosity and micro-topography, a Cassie wetting state may 
also transition to a Wenzel state (Feng et al., 2008; Marmur, 2003; Truong et al., 2010; 
Wenzel, 1949). 
Though surface roughness has been demonstrated to influence the wetting state of a surface, 
there exists a gap in the literature that addresses coal roughness, and the influence this may 
have on flow regimes through the cleat. An analysis of the apparent contact angle measured 
on the rough cleat surface will be utilized and compared to that of the intrinsic contact angle 
from Sessile drop measurements. The wetting state of dull and bright band coal lithotypes 
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may provide a fundamental understanding of how the physical properties of Sw should be 
applied in coal. 
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3. Methodology 
3.1. Coal sample selection and characterisation 
Samples were obtained from five different mine sites (locations commercial in confidence) 
and vary from high volatile to low bituminous coal. The samples used were classified A, B, 
C, D and E. The selected mine sites in the Bowen Basin mark the Late Permian period and 
target the Leichhardt Seam within the Rangal Coal Measures, with the exception of sample B 
which targets the Moranbah Coal Measures, (Brakel et al., 2009). Petrographic, proximate 
and ultimate analyses for these coal samples are summarised in Table 1. 
Table 2 shows samples cut and prepared from each of the five bulk coals. We cut a series of 
20 mm cubes for sessile drop and reactive ion etching experiments (-R), and other sections of 
the coal were crushed and split into lithotype concentrates (-DD, DB, BB, BR) according to 
Australian Standard AS2519 (1993). The 20 mm coal cubes were set in epoxy resin blocks 
perpendicular to the bedding plane, cut along the transverse plane and each half was polished 
(-PB and PD) for incident light microscopy according to Australian Standard AS2061 (1989). 
The other sections of coal were crushed and split according to AS4264.1 (2009) to produce a 
total of 100 g crushed lithotype concentrates (screened particle size <212 μm). 
We also characterised a natural cleat (A-NC) extracted from a 20 kg block of mine A coal. 
The first step to extract the natural cleat was to split apart several mineral filled face cleats 
from this block (Figure 2A) to determine which face cleats passed through both bright and 
dull bands (Figure 2B). The second step was to remove the clay minerals from selected cleats 
using precision curved tweezers. The third step was to cut from the face cleat a 20 x 20 mm 
section containing both bright vitrinite rich and dull inertinite rich bands (Figure 2C). 
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Table 1: Petrographic, proximate and ultimate analysis of coal samples A, B, C, D, and E. 
  Samples 
 Components  A  B  C  D  E 
Petrographic 
Analysis 
(air dried 
basis) 
Rmax% 0.94 1.37 1.49 1.89 1.97 
Vitrinite (vol. %) 35 67 49 52 46 
Liptinite (vol. %) 2 0 0 0 0 
Inertinite (vol. %) 50 14 42 44 46 
Mineral (vol. %) 12 20 9 4 0 
Proximate 
Analysis 
(air dried 
basis) 
Moisture (wt. %) 2.3 1.4 2.0 1.9 1.5 
Ash Yield (wt. %) 18.0 8.3 13.6 6.4 8.4 
Volatile Matter (wt. %) 21.3 22.9 16.1 11.9 11.3 
Ultimate 
Analysis 
(dry ash free 
basis) 
Carbon (wt. %) 85.55 87.89 89.16 90.93 91.24 
Hydrogen (wt. %) 4.79 4.95 4.59 4.13 4.11 
Nitrogen (wt. %) 1.56 2.25 1.66 1.69 1.54 
Sulfur (wt. %) 0.35 0.54 0.41 0.27 0.25 
Oxygen (by difference) 7.76 4.38 4.18 2.98 2.86 
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Table 2: Description and classification of coal samples. Sample B-R’ represents the only 
bright band on the B sample in the same channel that had a recorded contact angle 
measurement, other R samples represent dull band coal. The code –P, denotes a flat, polished 
sample with the subsequent D meaning primarily dull region, a B meaning bright coal region. 
Lithotype code is adapted from Australian Standard AS2519 (1993) 
Coal 
Polished 
sessile drop 
samples 
Reactive 
Ion 
Etched 
samples 
Lithotype 
code 
Lithotype 
description 
Pressed 
disc 
samples 
A 
A-PD 
A-R 
DB 
Mainly dull with 
frequent bright bands 
(10-40%) 
A-DB 
A-PB DD 
Dull (less than1% 
bright) 
A-DD 
B 
B-PD B-R 
BR Bright (>90%) B-BR 
B-PB B-R’ 
C 
C-PD 
C-R 
BB 
Bright with dull bands 
(60-90% bright) 
C-BB 
C-PB DB 
Mainly dull with 
frequent bright bands 
(10-40%) 
C-DB 
D 
D-PD 
D-R 
BB 
Bright with dull bands 
(60-90% bright) 
D-BB 
D-PB DB 
Mainly dull with 
frequent bright bands 
(10-40%) 
D-DB 
E 
E-PD 
E-R 
BB 
Bright with dull bands 
(60-90% bright) 
E-BB 
E-PB DB 
Mainly dull with 
frequent bright bands 
(10-40%) 
E-DB 
  
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
 Page 11 
 
 
 
Figure 2: A) Top face of a large block of mine A coal showing mineral filled face cleats. B) 
Idealised coal sample with mineral filled cleat having both a bright band and dull band. C) 
Sample A-NC shows an open cleat with minerals physically removed and used to compare to 
the artificial cleats created. 
 
3.2. Preparation of artificial cleat channels 
Reactive ion etched channels approximately 40 μm wide and 20 μm deep were cut 
perpendicular to the bedding plane in the 20 mm cubes set in epoxy blocks. Details of the 
RIE process using the PROG200 Reactive Ion Etcher are described in our previous paper 
(Mahoney et al., 2015). For the current study we made several minor modifications to the 
settings and conditions used in the RIE treatment to improve control of the channel length, 
width and depth. A summary of the RIE process modifications is provided in the Supporting 
Information. 
Nine pressed channels were prepared in 25 mm discs from the lithotype concentrates listed in 
Table 2 using a 25 mm diameter stainless steel die machined with a raised surface 200 μm 
deep and 80 μm wide (Figure 3A) and 3g powdered coal discs were compressed with this die 
to 10 tonnes in a Carver 12 Tonne hydraulic press for 3 min or until the pressure relaxed to 
7 tonnes. After relaxation, the pressure was raised to 10 tonnes again and held for 2 min. The 
sample was cooled in a refrigerator to -10˚C for 5 min to allow the metal to contract from the 
coal surface before the sample was removed; this contraction allowed coal channels to be 
removed without the coal sticking to the die. An example of a pressed coal channel is shown 
in (Figure 3B). 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
 Page 12 
 
 
Figure 3A) Stainless steel die dimensions, including raised sections. B) 25 mm compressed 
coal disc with indented cleat in the centre. 
3.3. Characterisation techniques 
The polished, natural, RIE and pressed coal discs were characterised by light microscopy 
(Leica DM6000 at x50 magnification) and scanning electron microscopy (SEM, Hitachi 
SU3500 Premium VP-SEM with EDS). For the SEM the natural cleat was iridium coated 
under argon in a Bal Tec MED 020 coater at a pressure of 3.75 x 10-2 mTorr with a sputter 
time of 200 s at 15 mA, and the SEM images of this sample were collected at 15 kV. The RIE 
channels and pressed disc channels were coated with carbon instead of iridium to reduce 
surface charging during the SEM, and SEM images for these samples were collected at 
20 kV. The pore size distribution in each of the lithotype concentrates was characterised by 
mercury intrusion porosimetry (Micromeritics AutoPore IV 9500). 
3.4. Analysis of SEM images to quantify surface roughness 
The SEM images were analysed with ImageJ (Fiji plugin) to estimate the mineral 
concentrations and surface porosity of the coals. Here we use the term surface porosity to 
describe the valleys, pitting, or fractures that are present on a polished coal surface (as shown 
in Figure 1 and 2). A filter of a minimum surface feature size of 1.0 pixels was applied in the 
SEM image analysis. 
Surface roughness refers to the small mean surface irregularities comprised from the height, 
depth, repetitiveness and interval of a surface from the perfectly flat ideal. Surface waviness 
is not considered a component of roughness, nor is isolated features such as pitting, cracks 
and fractures on the polished coal surface (Whitehouse, 2004). SEM images from samples A-
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NC (dull band), A-NC’ (bright band) A-DB, A-DD, A-R (dull band) and A-R’ (bright band) 
were analysed using the open source software Gwyddion (v2.45) to calculate the arithmetic 
average (Ra) and root mean square roughness (RMS or Rq) detailed in 3 and 4 (Nečas and 
Klapetek, 2012). 
 
The roughness profile contains a set number of n height points with Zj corresponding to the 
vertical mean distance to the jth data point. The height scale using the SEM images is a 
pseudo height scale that corresponds to the image brightness related to the number of 
secondary electrons emitted at different locations on the sample. These lengths where 
converted to approximate heights and peak height, or Z value into the Gwyddion software 
package. This feature enabled the 2D image to be analysed as 3D. Each sample displayed a 
very unique and different surface, which resulted in a different height scale for each sample. 
For example, A-R had the highest observable peaks measuring 7.5 μm from base to tip, 
compared to A-DB which had the lowest record peak height (~ 2 μm). Thus each sample does 
not possess a comparable height scale to the other. 
3.5. Contact angle and wettability measurement techniques 
Sessile drop contact angle measurements 
Sessile drop contact angles of water in air on the polished coal samples were measured by a 
goniometer using a 3 Megapixel CMOS digital camera with a 50 mm Nikon lens and a 12V 
light source. Image analysis to determine contact angles was performed using ImageJ (1.46r) 
with a drop analysis plugin based on the snake analysis method (Stalder et al., 2006). A 
Gilson Distriman pipette (1-1250 μL range) was used to dispense 10 ± 0.2 μL volume 
droplets of deionised water on selected locations of the polished coal samples. For each 
sample sessile drop contact angles were measured at five locations. The designated water 
drop zones on the polished coal surface were visually differentiated into bright band zones 
and dull band zones.  
 𝑅𝑎 =  
1
𝑛
 ∑|𝑍𝑗|
𝑛
𝑗=1
 3 
 𝑅𝑞 =  √
1
𝑛
∑ 𝑍𝑗
2
𝑛
𝑗=1
 4 
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Fluorescein dye (or Acid Yellow 73) is an organic compound with an adsorption maximum at 
494 nm and emission maximum at 512 nm in water. The compound has both an instability to 
UV light (photochemical) (Lindqvist, 1960) and pH changes (Smith and Pretorius, 2002), 
though does possess a low sorption tendency that makes it an ideal image enhancing agent for 
coal studies, due to the dark colour and structure of the coal matrix. At low concentrations 
(such as those used in this study of 0.1-1%) the change in contact angle is negligible. A 
preliminary comparison of contact angles using Sessile drop results using pure water and 
0.1% fluorescein solution on A-PD and E-PD did not show a measurable difference between 
the two solutions. 
Cleat flow cell microfluidics device 
Figure 4 shows a schematic of the CFC (Mahoney et al., 2015) used to observe the flow of air 
and water in the RIE and pressed channels. The CFC consisted of the epoxy mounted coal 
sample, 1.5 mm inlet and outlet holes, Tygon tubing, and 2 mL syringes (Cole Parmer Model 
74905-52) for water and air injection. The top of the coal channel was sealed with a 
polyolefin film. Experiments were performed by injection of water containing 0.1 wt% 
fluorescein acid yellow 73 at a rate of 20 µL/min for RIE channels and 5µL/min for the 
pressed disc channels. Pressure drop across the channel was measured with a Dwyer Series 
490 Wet/Wet Handheld Digital manometer. Optical images were collected with a Leica 
DM6000 light microscope equipped with a Leica DFC365 FX Digital high-speed camera. 
Image analysis was performed with the Leica Application Suite Advanced Fluorescence 
software package and Image-J Version 1.46r. 
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Figure 4: Schematic of the cleat flow cell apparatus.  
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4. Characterisation of the natural and artificial cleats 
4.1. Morphology observed by SEM 
Polished Coal 
Samples A-P, which contained both dull (D) and bright (B) banding was examined using 
SEM with a resolution of 256 dpi. Figure 5A-B shows the surface morphology of the sample 
following polishing. Neither region on the sample exhibited a rough surface, with the 
exception of increased voids in the dull region, compared to the bright band. Small bright 
discs that appear on both surfaces are likely mineral platelets that have been displaced and 
deposited due to the polishing procedure and it are these topographies that present small 
roughened features on an otherwise smooth, flat landscape. 
 
Figure 5A: A-P1 polished dull banded coal. B) A-P1 polished bright band. The light coloured 
flakes in both images are mineral plates deposited during the polishing process. Both images 
were acquired when the sample was tilted 45˚ to the electron detector. 
Natural Coal 
Sample A-NC (in Figure 2C showing the dull and bright bands) was analysed using SEM. 
Figure 6 illustrates the variation in the surface morphology with dull inertinite bands having a 
rougher texture compared to the smooth surface displayed on vitrinite rich bright bands. The 
image closely corresponds to the lithotype features reported by Gamson et al. (1996) who 
also examined different lithotype morphology using SEM. They reported that the bright 
bands displayed a smoother surface texture compared to the rougher dull band coal. 
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Figure 6: A) A-NC SEM image of the boundary between the bright (vitrinite) band and the 
dull (inertinite) band in a continuous cleat from mine A bulk coal. B) The bright band has a 
smoother surface morphology with less notable pores. C) The dull band has substantial 
roughness and greater porosity. 
The roughened texture evident in dull bands (Figure 6A and C) is due to the phyteral 
structures of the original plant remains. The remnants of the wood fibres, deposited parallel to 
the bedding plane create in the dull coal a series of stacked sheet like layers with open sieve 
cavities permeated throughout, as seen in Figure 6C (Gamson et al., 1996). The cylindrical 
cavities between the sheets that are ~2 µm wide and ~10 µm in length are due to the original 
cell lumen (Gamson et al., 1996).  
The bright band did not display the same level of cavitation evident in the dull band, though 
micro fractures were present. These were typically mineral filled. SEM EDS of both dull and 
bright bands highlighted clay structures (kaolinite and ankerite) as well as carbonates and 
rutile. However, minerals in the bright band appeared to be localized to the micro-cleats or as 
discrete deposits, while the dull band had a mineral intrusion into the porous regions. Dawson 
et al. (2012) stated that in some Bowen Basin coals fluid circulation allows the precipitation 
of minerals in the cell lumens of the inertinite macerals. 
Reactive ion etched channel 
The physical process of RIE is effectively an ablative process similar to sand blasting, though 
at a smaller scale. Gas molecules are ionised creating plasma which is accelerated onto the 
surface material. This process is repeated and with each pass more of the surface is ablated 
from the material, creating, in this case, a channel. As we have previously reported in 
Mahoney et al [48], different material is etched at different rates if input variables such as 
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voltage, gas type, and time are kept constant. The RIE process should not induce chemical 
changes to surface moieties (such as increased oxygen functional groups through oxidation) 
or unnatural features (e.g. annealing), though thermal expansion of the epoxy resin will occur 
if the process exceeded 5 min bursts; which tended to induce fractures in the coal surface. 
The RIE process of etching the channel appeared to create a comparable wall roughness 
pattern based on lithotype composition compared to the natural coal sample. Sample A-R 
(Figure 7A) shows the contrast between the porous dull inertinite band and the bright vitrinite 
band, provided in closer detail in figure B and C. The inertinite rich band (B) has an 
increased roughness with a higher frequency of peaks and valleys in both the channel wall 
and floor, while the vitrinite channel wall and floor (C) display a relatively smooth finish, 
with little peaks (in frequency and height) compared to that of the inertinite band. 
  
Figure 7A) SEM image of A-R polished coal sample lithotype boundary (bright and dull) 
with the RIE channel passing through each band. B) The dull banded cleat wall displays a 
greater roughness than seen in Figure 6B and shares some similarity in roughness to the 
natural cleat in Figure 5C. C) The etched channel wall in the bright band is smooth and 
displays some similarity in morphology to that of the natural cleat shown in Figure 5B.the 
As previously discussed, dull banded coal possesses a greater frequency of open sieve like 
cavities permeated throughout the matrix. Since the RIE process is ablative, the dull coal is 
more likely to etch at a different rate, as porous spaces create a cratered or pitted surface 
compared to the dense bright band. The end result is a dull band channel that displays both a 
rougher and more porous surface than the bright band region with the contrast clearly visible 
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in Figure 7B and C. While some minor differences in the degree and shape of roughness still 
exists between the RIE, their respective lithotypes display comparable morphology. 
Pressed coal disc channels. 
The pressed disc samples possess none of the surface roughness in the natural or etched 
cleats, regardless of lithotype composition. The channel surface has a plate-like texture with 
small indentations spaced at regular intervals as shown in Figure 8B. This is most likely due 
to surface imperfection on the metal die. The topography may be due to the high pressure 
which deforms and melds the coal particles so that the discreet particle nature is lost and the 
surface is smooth. Nevertheless, the material properties of coal in terms of the surface 
functional groups exposed to the flow are retained. This consequently is taken to be 
representative of the influence of the surface chemistry on the wetting behaviour, without the 
interference of any roughness factor. Thus a surface that does not show similarities in 
roughness to either the natural or RIE coal cleat, yet retains the inherent surface functional 
groups of the natural and etched coal. 
 
Figure 8A) Top view of A-DD pressed cleat. There is some surface damage on the top of the 
cleat, adjacent to the channel floor which occurs when the steel die is removed. B) Sample 
tilted 45˚ to show the channel floor and wall displaying a unique smoothness.  
4.2. Calculated surface roughness of natural, RIE and pressed channels 
The Ra and Rq values were calculated from the SEM images previously shown of the natural 
cleat, the artificial channels using RIE and pressed method. These results are shown in Figure 
9. The Rmax was highest peak measured from the SEM images. The roughness calculations in 
Figure 9 show similar ranges between the dull and bright bands of the natural cleat and RIE 
channel, though the RIE channel does have a larger value (Rq 1.332 and 0.984 μm 
respectively) though these values can range, depending on the area samples with some Ra 
values being quite low (~0.244 μm). The results show that the RIE sample has the highest 
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surface roughness for both the bright and dull band. However, the A-R’ (bright band) surface 
roughness is significantly less than the rough band (Ra: 1.211 and 0.306 μm respectively). 
 
Figure 9: Surface roughness profiles generated from SEM scans of coal channel surfaces. The 
red color indicates the mean projected plane of the surface, while green indicates an elevated 
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topography and blue represents the highest points on the scan. Note that the vertical scale 
varies between pictures, as polished samples are in nm scale, while the other samples are in 
μm. The Ra and Rq values for each sample are shown under each 3D representation. 
4.3. Analysis of polished coal samples used in sessile drop experiments 
A combination of dry bright field microscopy and SEM EDS images were processed using 
ImageJ software to determine the area percentage of lithotype, mineral composition and 
surface voids within the liquid droplet zone for sessile drop contact angle measurements. 
Figure 10 details back scatter (BS) SEM images of D-PD and PB which were analysed. 
Based on the images analysed for each sample, a semi quantitative summary of each of the 
constituent components of the surface are displayed in Table 3. 
 
 
Figure 10: (Top) polished coal D-PD, BS SEM image details a portion of the liquid droplet 
zone that was used for sessile drop experiment. The bright portions of the image indicate 
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mineral deposits (shown) in the dull band region, as well as surface voids. (Bottom) sample 
D-PB details a section of the bright band drop zone, flanked by dull bands. The two mineral 
filled (kaolinite) cleats also formed a portion of the liquid drop zone. 
Table 3: A quantitative summary of the fraction composition (area percentage) of coal 
lithotypes identified by light microscopy and the mineral and porosity from SEM and ImageJ 
analysis of a section of the sessile drop surface on each sample (~400 µm2) and it is assumed 
that the remaining area in the droplet zone have a comparable composition. 
Sample Dull band  
Bright 
band 
Other coal 
lithotype 
Mineral Surface voids 
A-PD 74 6 0 13 7 
A-PB 32 61 0 5 2 
B-PD 65 6 3 16 9 
B-PB 24 70 0 4 2 
C-PD 71 5 9 10 5 
C-PB 22 69 4 2.5 2 
D-PD 54 6 12 18 10 
D-PB 21 53 13 8 1 
E-PD 75 0 2 15 8 
E-PB 23 57 12 5 3 
 
4.4. Porosity and pore size distribution in the lithotype concentrates 
The results of the cumulative mercury porosimetry results are shown in Figure 11. Vitrinite-
rich samples (B-BR and C-BB) have lower volumes of macropores and mesopores than the 
inertinite-rich coals (A-DD). These results are consistent with a previous study by Unsworth 
et al. (1989). It is expected that the larger pores in the inertinite bands will enhance the 
surface roughness of the ion etched channels, and this result is confirmed by SEM images of 
the cleats previously detailed. 
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Figure 11: Cumulative mercury porosimetry results of selected coal samples show vitrinite-
rich coals (B-BR and C-BB) have less macro- and mesopores than inertinite-rich coal 
(Dmyterko and Esterle, 2014). 
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5. Results of Imbibition Experiments 
5.1. Pressure measurement during imbibition for RIE channels 
In these experiments the water-fluorescein solution was injected from a syringe pump set at 
20 μL/min and the CFC effluent valve was fully open to atmosphere. Figure 12 shows for 
each coal sample the pressure drop (ΔPentry) at which the advancing liquid interface was first 
observed in the cleat (i.e. after the slug passed through the inlet tubing) and the breakthrough 
pressure drop (ΔPbkthr), which we define in this study as largest pressure driving force 
required to flow 20 μL/min liquid through the cleat. Thus, ΔPbkthr is a measure of the greatest 
restriction met by advancing liquid interface in the channel due to changes in contact angle or 
cleat geometry (such as a change in cross sectional area around a defect in the cleat). 
 
 
Figure 12: Inlet and breakthrough pressure drops in four coals measured in four CFC cells. 
Sample D measurement was not possible due to surface damage. 
The E-R sample had the highest ΔPbkthr, wherein pushing the gas-liquid interface across this 
band required a ΔPbkthr= 40 kPa. The wetting angles fluctuate between 110-140° in all the 
RIE channels. That equates well with the ‘entry’ pressure shown on the graph when capillary 
pressure is calculated using 5, where γ is the interfacial tension of water and air at 25°C, r is 
the radius of the channel and cos θ is the contact angle of the gas-liquid-solid interface. 
However, since the contact angles did not typically exceed 140° a ΔPbrkthr of 40 kPa implies a 
blockage point reducing the open size to ~15 μm. Three main blockage points were identified 
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in the E-R sample and two of these are shown in Figure 13. This region was also sighted 
during the imbibition experiment where the liquid phase stopped until the measured 
differential pressure exceeded 40 kPa. 
 
 
Figure 13: E-R sample with two distinct changes (circled in red) in cleat geometry in the dull 
band region. This narrowing of the cleat is believed to be the reason why the breakthrough 
pressure is so high for sample E and not the other samples. The bottlenecks may be due to a 
hardened material within the coal that etched at a slower rate to the rest of the dull band 
material. 
 
For the B case, where the entry pressure was much lower (2.4 kPa), the channel in bright coal 
is smoother than for dull coal (Figure 7). Based on bright coal roughness measure, the 
calculated wetting angle becomes 101°, with a corresponding entry pressure of 1.4 kPa, 
which is below the experimental value.  
 ∆P =
2𝛾 𝑐𝑜𝑠𝜃
𝑟
 5 
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5.1.1. Contact angle measurements 
Figure 14 shows the contact angle measurements obtained using sessile drop and CFC 
measurements from pressed discs and RIE channel samples. The results indicate that sessile 
drop recorded the lowest mean contact angle, followed by the pressed discs with the RIE 
channel presenting the highest mean contact angle. 
 
Figure 14: Summary of mean (coloured symbols) contact angles, measured using the sessile 
drop measurements on polished coal samples, pressed discs and RIE samples. B-R’ was the 
only sample that had contact angle measurements made in the bright band; all other 
measurements for RIE are from the dull inertinite rich bands. Bars are ±1 standard deviation 
from the measured angles. 
As previously stated, some researchers have attempted to account for contact angles based on 
the differences between coal maceral contents and rank using the Cassie equation, as well as 
through carbon content and degree of surface oxidation expressed in the Keller equation 
(Ding, 2009; Drelich et al., 1996; Fuerstenau et al., 1990; Gosiewska et al., 2002; He and 
Laskowski, 1992; Keller, 1987; Rosenbaum and Fuerstenau, 1984). Noting the high level of 
heterogeneity in coal, and the need to clearly quantify the surface composition of the material 
we take a simpler approach in which there are four principle constituents that determine the 
wetting angle: bright coal (mildly hydrophobic); dull coal (mildly hydrophilic); void space 
(completely non-wetting); mineral matter (highly wetting). 
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Following Cassie these may be combined as a micro-patchwork of surfaces each influencing 
the contact angle in proportion to their area fraction. A more rigorous analysis has been 
proposed by Swain and Lipowski (Swain and Lipowsky, 1998), but given the heterogeneous 
nature of coal and the simplicity of reducing the constituents to 4, a simple proportioning is 
suitable for the present purposes. This is represented in 6. 
6 
where: 
cos 𝜃𝑡is the total contact angle. 
fd, fb and fm is the fraction surface of dull band, bright band and minerals respectively. 
cos (𝜃𝑐
𝑑), and cos (𝜃𝑐
𝑏), is the contact angle on dull and bright bands respectively. The 𝜃𝑐
𝑑 
value (70˚) is based on literature values from (Keller, 1987) and (Ofori et al., 2010) while 
𝜃𝑐
𝑏  was assigned a value of 90˚ based on regression analysis using 6. 
cos (𝜃𝑐
𝑚) is the contact angle of minerals, which equals 45˚ based on literature values from 
(Keller, 1987) and (Ofori et al., 2010) 
𝑐𝑜𝑠(𝜃𝑐
𝑔) is the contact angle of gas, which equals 180˚ 
5.1.2. Flat polished coal surfaces 
Sessile drop results 
Figure 14 shows that the sessile drop measurements typically show a higher contact angle for 
bright band sample (less inertinite to vitrinite) with D-PB recording the highest mean result, 
compared to dull banded samples with B-PD recording the lowest mean contact angle. The 
results are similar to previous studies that report larger contact angles for vitrinite rich coals 
compared to higher inertinite coal surfaces using sessile drop measurements and coal 
flotation, meaning that the dull band is more hydrophilic compared to the bright band (Arnold 
and Aplan, 1989; Ding, 2009; Ofori et al., 2010) The contact angle depends only on the coal 
in contact (some bright, some dull); the mineral matter and the surface voids (detailed in 
Table 3). Roughness is taken to be zero since the surface is polished. 6 was used to calculate 
contact angle and a comparison to the experimental results is provided in Table 4. The 
calculated values showed a close approximation to the measured contact angles (between ±2-
cos(𝜃𝑡) = 𝑓𝑑 cos(𝜃𝑐
𝑑) + 𝑓𝑏 cos(𝜃𝑐
𝑏) + 𝑓𝑚 cos(𝜃𝑐
𝑚) + (1 − 𝑓𝑑 − 𝑓𝑏) cos(𝜃𝑐
𝑔 ) 
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5˚), with the exception B-PB (difference of 7˚). This may be due to an over estimation of 
bright banded coal in the water droplet region, which caused a higher estimated contact angle 
compared to the experimental value. 
Table 4: Sessile drop contact angles derived using fraction values of bright, dull, mineral, 
voidage and gas compared to the measured value. 
Samples fb fd fm fg cos(θt) Calc.˚ Meas˚. 
A-PD 6 74 13 7 0.275 74 75 
A-PB 61 32 5 2 0.124 83 80 
B-PD 6 68 16 10 0.240 76 70 
B-PB 71 24 4 1 0.100 84 77 
C-PD 5 80 10 5 0.278 73 75 
C-PB 69 26 3 2 0.083 85 83 
D-PD 6 66 18 10 0.232 75 70 
D-PB 53 38 8 1 0.147 80 84 
E-DB 0 77 15 8 0.286 73 77 
E-PB 57 35 5 3 0.105 83 83 
 
6 was used to calculate the contact angle from Sessile drop data detailed in Ofori et al. (2010) 
as a comparison. Several assumptions were made, including the roughness factor being zero, 
fraction of surface voids as well as the assumption that the percentage of liptinite in the 
samples reported (2.5% and below) was relatively negligible to the overall contact angle. 
Table 5 details similar contact results using the modified Cassie equation to the measured 
results (±4˚) with the exception of sample 2599-3. This may be due to the high mineralisation 
of the sample having a different surface texture compared to the coal that is not accounted 
for. Additionally, the value of cos (𝜃𝑐
𝑚) being 45˚ is an averaged value and does not account 
for the unique wetting properties that different minerals possess. Knowledge of the mineral 
composition would enable an accurate cos (𝜃𝑐
𝑚) value that is representative of the surface 
wetting property for individual mineral filled surfaces. 
Table 5: Use of Sessile drop data obtained from Ofori et al. (2010) to compare their measured 
contact angle against the calculated contact angle using equation 6. Sample nomenclature in 
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this table is identical to that used in Ofori et al. (2010) 
Sample fb fd fm fg Cos(θt) Calc.˚ Meas.˚ 
2595-1-3 60.6 30.4 9.0 0 0.16 80 81 
2595-1-4 48.5 43.0 8.5 0 0.21 78 81 
2595-1-5 62.4 27.3 10.3 0 0.17 80 82 
2595-1-6 69.0 18.5 12.5 0 0.15 81 84 
2595-1-7 56.7 27.2 16.1 0 0.21 78 82 
2599-3 10.2 14.8 75.0 0 0.17 54 67 
 
5.1.3. Rough coal surfaces 
Surface roughness induces a Cassie-Baxter state (Gao and McCarthy, 2006) during the initial 
water imbibition through the cleat, which results in gas being trapped between the liquid and 
solid. While this wetting state may eventually transition to a Wenzel state we believe that 
during the initial contact only a portion of the surface makes contact with the liquid. 
Therefore, the fraction of the surface that is in contact with the liquid must be determined 
first, as illustrated in Figure 15. 
 
Figure 15: Due to the surface roughness the total contact angle cos(θt) is formed due to a 
portion of gas (1-fd) and only some of the (in this case dull coal) surface (fd) which makes 
contact with the water. 
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Reactive Ion Etched coal 
Figure 16 shows a typical example of contact angles at the advancing interface of a water 
slug in the C coal channel. The range of contact angles observed in each RIE sample is shown 
in Figure 14. In all samples, except B, I observed that the velocity of the advancing liquid 
interface was observed to increase when it entered a bright band and thus, using the settings 
reported here, images of sufficient quality for moving liquid interfaces to determine contact 
angles in vitrain bands could not be obtained. 
 
Figure 16: The contact angle measurement of the fluid flow in C-R channel using Image-J 
software. 
Since the RIE channel is primarily dull band the total contact angle depends only on the coal 
in contact (all dull, except for B) and surface roughness. The fraction of dull coal for each 
RIE sample can be calculated using Equation 7 and a mean fraction of dull coal was derived 
based on a surface with an Rq of 1.332 (based on Figure 9) shown in Table 6.  
 
 
  
 𝑓𝑑 = 
(cos 𝜃𝑡 + 1)
(cos 𝜃𝑑 + 1)
 Equation 7 
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Table 6: Based on the measured experimental RIE contact angles results (Meas.), and the 
assumption that the surface roughness was consistent at Rq of 1.332, a mean fraction of coal 
(𝑓?̅? for bright and 𝑓?̅? for dull coal) surface that would be in contact with the water phase was 
calculated using Equation 7. Since only one sample, B-R’ had a bright band contact angle 
result, the mean value is the same as the as the experimental value. 
Samples Meas.˚ 𝒇𝒃  𝒇𝒅  𝟏 − 𝒇𝒃  𝟏 − 𝒇𝒅  
A-R 120  0.372  0.627 
B-R 132  0.246  0.753 
B-R' 130 0.357  0.643 0 
C-R 135  0.218  0.781 
D-R 140  0.174  0.825 
E-R 136  0.209  0.791 
  𝑓?̅? 𝑓?̅?   
  0.357 0.244   
 
Pressed disc samples 
The pressed disc samples presented an additional level of complexity as the fraction of dull-
bright banded coal had a range of values (fractional amounts of bright and dull are in Table 
2). For the purpose of the calculations, the maximum estimated percentage of bright banded 
coal was used. For example, sample A-DB was assumed to have 40% bright banded coal, 
though the range states between 10-40%. Additional to this process was the inclusion of a 
porosity value due to the pressing procedure leaving some degree of interstitial space 
between the particles, in addition to natural porosity due to the micro-, meso- and 
macropores. However, this value was not able to be accurately quantified. Thus a porosity 
value of 2% was assigned to each sample and multiplied by the fraction of dull and bright 
coal. The mineral matter is taken to be zero, since the coal is sorted to be free of minerals as 
far as possible. 
Since it is assumed that a linear relationship exists between the fraction of gas and solid in 
contact with the advancing water phase and the surface roughness (expressed as Rq), 
proportionality of the roughness can be applied to calculate the new fraction of solid and gas 
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in contact with the water. The proportionality of roughness (𝑓𝑃𝑅 ) for dull coal bands was 
calculated using Equation 8. The roughness factor for the dull and bright band was 0.8495 
and 0.9233 respectively.  
where: 
𝑅𝑞
𝑃 is the Rq value of the pressed disc. 
𝑅𝑞
𝑅 is the Rq value for the RIE channel. 
The value 0.244 was the average RIE roughness for the dull band calculated in Table 6. 
The roughness factor was multiplied by the original fraction of dull and bright coal to derive 
the new fraction of coal (𝑓𝑏
′  & 𝑓𝑑
′)  and gas (1 − 𝑓𝑑
′ − 𝑓𝑏
′) that will be in contact with the 
water phase (Equation 9). The results for the pressed disks samples are shown in Table 7 and 
when compared to the measured values are seen to be comparable. 
Table 7: A comparison of the pressed disc contact angle measurements against those derived 
using Equation 9. 
Samples 𝒇𝒃
′
 𝒇𝒅
′  𝟏 − 𝒇𝒅
′ − 𝒇𝒃
′  Cos(θt) Calc.˚ Meas. ˚ 
A-DD 0.9 79.9 19.2 0.08 85 92 
A-DB 8.8 72.6 18.6 0.06 86 97 
B-PD 78.9 8.07 12.9 -0.11 96 100 
B-BR 53.3 33.1 13.6 -0.02 91 103 
C-DB 8.8 72.6 18.6 0.06 86 92 
C-BB 52.6 32.3 15.1 -0.04 92 98 
COP-DB 8.8 72.6 18.6 0.06 86 96 
COP-BB 52.6 32.3 15.1 -0.04 92 102 
E-DB 8.8 72.6 18.6 0.06 86 98 
E-BB 52.6 32.3 15.1 -0.04 92 100 
  
 𝑓𝑑
𝑃𝑅 =  
1 −  𝑅𝑞
𝑃
𝑅𝑞
𝑅. (1 − 0.244)
 Equation 8 
 𝑓𝑑
𝑃𝑅 𝑥 𝑓𝑑 = 𝑓𝑑
′ Equation 9 
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5.2. Observations in Cleat Drainage (RIE channels) 
The second type of experiment performed was to displace water from cleats by injection of 
20 µL/min air. After the liquid slug was pushed from the cleats, air flow was maintained for 2 
hrs and across dull bands a residual liquid film was observed at the channel walls (Figure 17). 
However, the same residual film was not observed on the bright band wall (Figure 18). 
 
Figure 17: Residual fluid film on the dull inertinite rich bands in RIE channel samples. The 
white ovals in the cleat space are artifacts caused by water vapour condensation due to the 
heat from the light microscope. 
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Figure 18: Residual water film on the bright banded (vitrinite-rich) channel walls in RIE 
samples. Since the RIE technique is creating a channel out of the coal matrix, the nature of 
vitrinite means significantly less mineral filled pores compared to the inertinite. Thus there is 
a lower number of mineralised pores for the water to penetrate during the drainage 
experiment and hence no water film. 
The presence of water films on porous mineral coated rocks has been previously reported in 
the literature (Nakagawa et al., 2000; Nishiyama and Yokoyama, 2013; Nishiyama et al., 
2012; Teng et al., 2016; Tokunaga, 2011). In general, for hydrophobic surfaces a film of 
liquid should be swept away by the air flow and should not be retained. However, the dull 
coal is in fact intrinsically hydrophilic (𝜃𝑐
𝑑
 = 70°) though the cleats were not, because of 
roughness induced Cassie-Baxter hydrophobicity. Once the wetting front had passed, the 
surface transitions to Wenzel-type wetting, its hydrophilic nature restored and hence a surface 
film of water was retained. The bright coal on the other hand is inherently hydrophobic in 
nature (𝜃𝑐
𝑏= 90°), and so does not retain a film (although small mineral islands on the surface 
may do so). During the wetting transition from the Cassie state to the Wenzel state, the air 
pockets are no longer thermodynamically stable and water can migrate into the pore space 
(Ishino and Okumura, 2008). This explains why the water film is present on the dull bands, 
but not the bright, as its surface is smoother, the macroporosity is less and the degree of 
matrix mineralisation in the bright bands is not as prevalent compared to dull banded coal 
(Figure 19) (Tokunaga, 2012). 
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Figure 19A) Example of gas trapping between the rough surface features inherent in the 
vitrinite band and small pore size. B) Matrix in-filled pores allow for imbibition of water 
once the liquid phase passes over the rough surface, creating trapped pockets of water; the 
result is a Wenzel wetting effect. 
5.3. Observations in cleat drainage (pressed discs) 
Water was displaced from the cleat using air injected at a constant 5 µL/min. After the water 
slug was passed, air injection was continued for 1 hour. No samples displayed any residual 
water film after 1 hour. The surfaces of the pressed disks, being a mixture of dull and bright 
coals, were all measured to be hydrophobic (92~103°) and with a smooth surface, a residual 
film would not be expected. 
5.4. Implications of the research 
1. Variations in the pore texture of micro-cleat walls and matrix mineralisation between 
dull banded cleats and bright banded vitrinite rich cleats affects the behaviour of air-
water interfaces flowing through the cleat. As a result, a water film may be left 
following a continuous injection of air in the inertinite region of a cleat. This 
behaviour is likely to have a significant impact on drainage rates and relative 
permeability in different lithotype regions at localised positions within a coal seam. 
This may lead to considering the dewatering rates as critical to accounting for the 
compositional makeup of the reservoir, especially near wellbore. Sections that are 
inertinite rich for instance may require higher dewatering rates to ensure the water 
phase stays mobile. 
2. Parts of the coal may not drain properly resulting in gas unable to overcome the local 
capillary pressure and not desorb from the matrix. This may leave sections of the 
reservoir isolated from the wellbore. This has a significant impact on accounting for 
water saturation and production rates. 
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6. Conclusions 
1. Preparation of the coal surface generated varied contact angle measurements due to 
surface roughness and functional groups. Contact angles measured using the CFC for 
RIE channels had the highest measured values (110-140˚). Contact angles measured in 
the CFC for pressed discs varied within lithotype concentrates (lower for dull banded 
coal compared to bright) and ranged from (85-110˚). Sessile drop values were the 
lowest recorded values of the techniques used, though mirrored the pressed disc results 
with dull banded coal recording a lower contact angle compared to the bright banded 
coal. The results parallel previous studies that have shown that dull banded coal 
lithotype is generally more hydrophilic compared to bright band. 
2. A modified equation based on the Cassie and Keller equation using four principle 
constituents that determine the wetting angle: bright coal (mildly hydrophobic); dull 
coal (mildly hydrophilic); void space (completely non-wetting); mineral matter (highly 
wetting) were used to predict and explain the contact angle results. The large contact 
angle results recorded for the dull banded RIE coal was attributed to an enhanced 
surface roughness which created a Cassie transition wetting state. This roughness 
displayed a similar morphology to that seen in the natural dull banded cleat. The 
surface roughness on the pressed discs was lower; however, the compressed nature of 
the surface and low mineral composition meant that gas could become trapped between 
the surface and the liquid phase. The result was larger contact angles due to a “lotus 
effect” or Cassie wetting state. 
3. A modified surface equation was used to compare Sessile drop contact angle measured 
in this experiment to results obtained from Ofori et al. (2010). The results were 
comparable, based on the assumption that the literature values had a zero roughness. 
While further testing is required to provide statistical validity of the equation, it is 
reasonable to conclude that the modified surface equation proposed in this study may 
be applied to coal surfaces with a known roughness value, mineral and void 
composition and lithotype abundance to estimate the contact angle that would be 
created in an air-water system in a coal cleat. 
4. Using the CFC, several samples had a typical capillary pressure of 5 kPa during initial 
entry into the manufactured cleat. The calculated capillary pressure measurements 
matched closely experimental pressure values and their appropriate gas-liquid contact 
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angle. However, blockage points were in the E sample: maceral transition regions (from 
vitrinite to inertinite bands, or semifusinite to inertinite bands), deformations in cleat 
geometry (bottlenecks), as well as when natural fractures bisected the manufactured 
cleat. Permeability is contingent on these minor changes in structure and composition. 
5. Presence of the thin liquid film during drainage experiments on the RIE channel dull 
band, but not the bright band supports the argument that both lithotypes have a unique 
wetting state. The liquid film on the dull band is likely due to a Cassie Baxter wetting 
transitions, where water is able to penetrate into the small, mineral filled textures. The 
bright band did not display a similar roughness texture to the dull band and also did not 
possess a mineral coated surface. This resulted in the displacing from the surface more 
effectively under the same differential pressure compared to the dull band. These 
different wetting states will influence the flow regimes at a micron scale. This may 
result in regions of the reservoir becoming blocked due to water occlusion, isolating 
sections of the reservoir from the wellbore. Thus, the current understanding of water 
saturation may be insufficient to account for flow through the sections of a CSG 
reservoir. 
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7. Supporting Information 
7.1. . SEM image standardisation using Gwyddion v2.45 
Since electron density is concentrated on pointed or sharp features in SEM, and that the 
change in light intensity was a feature that the Gwyddion software uses to discern changes in 
height, it was important to prepare each image using a consistent procedure to remove 
shadows as well as minimise light fluctuations thus standardising each image to ensure that 
comparable roughness values could be calculated. 
The following methodology was applied to SEM images of samples using Gwyddion 
software features: (1) the surface elevation data was levelled by mean plane subtraction, 2) 
the image data was automatically levelled to make facets point upwards, 3) image rows were 
aligned by matching method, 4) horizontal strokes were corrected, 5) the area of interest was 
cropped, 6) the cropped region was reproduced in 3D and the surface roughness calculated. 
The technique to measure roughness using SEM images is similar to what has previously 
been reported in studies that have examined roughness using AFM and SEM images (Fashina 
et al., 2016; Pavlović et al., 2012; Truong et al., 2010; Wong et al., 2009). 
7.2. RIE channel procedure: 
Several modifications were made to the etching processes that was previously published in 
Mahoney et al. (2015). 1) Prior to the application of the AZ2070 layer, all samples were 
placed in a vacuum oven at 40°C for 48 hours. This reduced the frequency and size of gas 
bubbles expelled from cleats and surface macropore structures in the coal during the initial 
pre-bake and post UV bake sessions. 2) Prior to spin coating, the AZ2070 solution was raised 
to room temperature and allowed to sit on the sample surface for 30 seconds. 3) The Brewer 
Science® CeeTM 200× spin coater speed was reduced from 1200 rpm to 800 rpm and the 
spin time increased from 45s to 60s. 4) UV exposure time was increased to 20 seconds. 5) 
De-scum power setting reduced from 200W to 150W, while maintaining the previous 
exposure interval. These modifications resulted in a greater continuity in the etched channels, 
as well as a reduction in channel depth variation and consistent linear wall etching (reduced 
cavities and imperfections in cleat wall). 
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7.3. Keller Equation 
 
The contact angle of water on a pure mixture of paraffinic (P) and aromatic hydrocarbons (α) 
The contact angle of water on a mixture of pure hydrocarbons and oxygen containing 
hydrocarbon molecules. 
The contact angle of water on an organic molecular surface containing areas where the pores 
intersect with the surface. 
The contact angle of water on a porous organic surface such as coal. 
Contact angle of water on aromatic hydrocarbons. 
Contact angle of water on paraffinic hydrocarbons. 
Contact angle of water on oxygen polar functional sites. 
Contact angle of water on pore areas (water filled) 
Contact angle of water on mineral matter 
 
cos(𝐶 ′′′) = 𝐴 cos(𝛼) + (1 − 𝐴) cos (𝑃) 1 
cos(𝐶 ′′) = 𝑜′ cos(𝑜) + (1 − 𝑜) cos (𝐶′′′) 2 
cos(𝐶 ′) = 𝑝′ cos(𝑝) + (1 − 𝑝′) cos (𝐶′′) 3 
cos(𝐶) = 𝑓 cos(𝑓′) + (1 − 𝑓) cos (𝐶′) 4 
cos(α) = cos 88˚ = 0.035 5 
cos(P) = cos 110˚ = -0.342 6 
cos(o) = 1 7 
cos(p) = 1 8 
cos(f’) = 1 9 
C% - dmmf% of carbon in coal: variable 10 
A = 0.02C% + 1.04 11 
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Fraction of surface area due to aromatic molecules 
1/3 of the weight fraction of molecular oxygen plus absorbed oxygen 
 
The fraction of the surface that is pore area 
 
  
o’ = (-2.6x10-3 C% - 0.224) + h 12 
h = fraction of surface oxidised by air 13 
p’ = 2.642x10-3 C%2 – 0.4689C% + 20.818 14 
f = fraction of surface due to mineral matter: variable 15 
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Highlights 
 Wetting angles in artificial channels in 5 coals measured in a microfluidic device. 
 Surface roughness of inertinite-rich bands effects contact angle. 
 Drainage in inertinite-rich coals left a residual water film on cleat walls. 
 Modified Cassie equation used to predict contact angles using coal properties. 
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